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The aim of this study was to develop photoreactive surface coatings, possessing antibacterial proper­
ties and can be activated under visible light illumination (%max=405nm) using LED-light source. The 
photocatalytically active titanium dioxide (TiO2) was functionalized with silver nanoparticles (Ag NPs) 
and immobilized in polyacrylate based nanohybrid thin film in order to facilitate visible light activity 
(-^ Ag/TiO2,maX = 500 nm). First, the photocatalytic activity was modelled by following ethanol vapor degra­
dation. The plasmonic functionalization resulted in 15% enhancement of the activity compared to pure 
TiO2. The photoreactive antimicrobial (5log reduction of cfu in 2h) surface coatings are able to inac­
tivate clinically relevant pathogen strains (methicillin resistant Staphylococcus aureus, Escherichia coli, 
Pseudomonas aeruginosa) within short time (60-120 min) due to the formed and quantified reactive oxy­
gen species (ROS). The existence of electrostatic interactions between the negatively charged bacteria 
(from -0.89 to -3.19 ^eq/109 cfu) and positively charged photocatalyst particles (in the range of +0.38 
and +12.3meq/100g) was also proven by charge titration measurements. The surface inactivation of the 
bacteria and the photocatalytic degradation of the cell wall component were also confirmed by fluo­
rescence and transmission electron microscopic observations, respectively. According to the results an 
effective sterilizing system and prevention strategy can be developed and carried out against dangerous 
microorganisms in health care.
© 2016 Elsevier B.V. All rights reserved.
1. Introduction
Interdisciplinary researches of nanotechnology and micro­
biology have become great interest to develop environmental 
applications against bacteria causing nosocomial infections [1-5]. 
Staphylococcus aureus (S. aureus) and Pseudomonas aeruginosa (P. 
aeruginosa) are common pathogenic bacteria with a possible m ul­
tidrug resistance by mutation [6,7]. Immunosuppressed patients 
are compromised, these infections highlights the importance of 
prevention in the health care [8-11]. M ethicillin resistant S. aureus 
and multidrug resistant P. aeruginosa can cause nosocomial infec­
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tions and are responsible for postoperative infection. The number 
of infections caused by these bacteria is increasing in every year, so 
the prevention of the spread from human to human is the key to 
maximize the function of infection control. Antimicrobial applica­
tions are able to inactivate bacteria, viruses and fungi on different 
surfaces, in water or in the air, so they can be the main actor of 
prevention in the health care facilities [12-14]. There are various 
techniques to develop antimicrobial surfaces, but only a few opti­
mize the structure and the chemical properties [15-20]. Surfaces 
w ithTiO 2 content can kill numerous microorganisms because of its 
photocatalytic properties [21-26]. M oreover, during photocataly­
sis under UV light illumination strong oxidizing power is generated 
and the surface containing TiO2 shows antibacterial effect as well. 
In the course of photocatalysis different free radicals (e.g., hydroxyl 
radicals) are also produced with different w avelengthem itting light
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sources. [27,28]. Hydroxyl radicals can destroy the bacterial cell 
wall due to breaking covalent bonds in peptidoglycan layer, which 
is mainly responsible for the stability of the cell wall in Gram­
positive (GR+) and Gram-negative (G R -) bacteria [29]. Due to the 
destruction of cell wall and DNAthe reproduction and infectivity of 
the microorganisms can be inhibited in a short time period [30-34]. 
UV-active photocatalyst particles (e.g., TiO2, or ZnO) can be mod­
ified with different plasmonic nanometals, so the wavelength of 
the absorbing light can be tuned from the UV to the visible region. 
Due to this disinfection method a wide range of pathogen bacte­
ria can be inactivated under visible light illumination [35-39]. The 
wavelength of the absorbing light on TiO2 nanoparticles (NPs) can 
be extended to the visible region functionalizing with silver, w ith­
out significant amount of silver ion release to the environment. 
The antibacterial activity and photochemical qualifications of TiO2 
photocatalysts and its modified forms have been reported in many 
publications, but the connection properties between the NPs and 
the bacterial cells are relatively unknown. Investigation of the bac­
terial adhesion on the surface of antibacterial NPs is very important 
[40,41]. It is already well-known, that the cell wall o f bacteria are 
negatively charged because of the presence of teichoic acids for 
GR+ bacteria [42] w hile in case of G R -  bacteria the presence of 
lipopolysaccharides and lipoproteins cause the negative charge and 
thus [43] they can be electrostatically attached to the positively 
charged surfaces of the applied photocatalysts. The knowledge of 
the surface charge values of the prepared antimicrobial surfaces 
may contributes to the better understanding of the successful inac­
tivation of microorganisms.
In our work photoreactive surface coatings, possessing antibac­
terial properties have been developed and the adhesion properties 
of methicillin resistant S. aureus (GR+), P. aeruginosa (G R -) and 
Escherichia coli (E. coli) (G R -) were investigated on the surface 
of photoreactive nanohybrid films containing TiO2 and plasmonic 
A g-TiO 2 NPs in polymer matrix. In addition, the antibacterial activ­
ity of A g-TiO 2 photocatalyst was also investigated. Our main goal 
was to highlight the connection between the bacterial adhesion and 
the antimicrobial properties of the developed nanohybrid films for 
possible application in health care.
2. Materials and methods
2.1. Preparation of polyacrylate hybrid films containing TiO2 and 
Ag-TiO2 photocatalyst
Degussa P25 TiO2 (75% anatase, 25% rutile) was functional­
ized with Ag NPs. Different Ag NPs/TiO2 ratios were tested, but 
according to the TiO2 content 0.5w/t% concentration of Ag NPs 
was applied [44]. During the synthesis the calculated amount of 
AgNO3 aqueous solution (Molar, Hungary) was directly added to 
the TiO2 aqueous suspension. On the second step the silver ions 
were reduced by one hour of irradiation with UV light (Hamamatsu 
L8251 lamp; P = 150 W ; k max >300 nm). The nanocomposites were 
washed four times, dried at 50°C and pulverized [44]. For micro­
biological measurements the photocatalyst NPs were immobilized 
by using polyacrylate [poly(ethyl-acrylate co methyl-methacrylate) 
(p(EA-co-MMA)) binder material (obtained from Evonik Industries, 
Germany). Photocatalyst NPs in polymer matrix were prepared 
on the surface of glass plates (2.5 x 2.5 cm) with spray coat­
ing technique. The amount of the nanohybrid surface coating 
deposited on the glass plates was 1 ±0.1 mg cm-2 in all cases. 
The concentration of the photocatalyst in the composite film was 
0.6 mg cm-2 which corresponds to the photocatalyst/polymer mass 
ratios of 60:40 wt%. The calculated thickness of these films was 
1.48 ±0.1 |am [45]. Pure polymer matrix was also prepared in the 
same manner for reference.
2.2. Characterization of the nanohybrid surfaces
Diffuse reflectance spectra of the photocatalysts were recorded 
with CHEM 2000 U V-vis (Ocean Optics Inc.) spectrophotome­
ter [44,45]. The photocatalytic activity of the polyacrylate based 
nanohybrid films and the pure photocatalysts thin layer (with­
out polymer binder) were performed with the ethanol (as test 
molecules) degradation test under LED-light illumination (Gen­
eral Electric’s, Hungary, k = 405 nm) [44]. Photooxidation of ethanol 
vapor on catalyst films was performed in a circulation reactor (vol­
ume c.a. 165 mL) at 25.0 ±0.1 °C. The light source was fixed at 
50 mm distance from the 45 cm2 films. After injection of ethanol 
and water vapor, the system was left to stand 30 min for the 
establishment of adsorption equilibrium on the surface of films. 
The composition of vapor phase was analyzed by gas chromato­
graph (Shimadzu GC-14B) equipped with a thermal conductivity 
(TCD) and a flame ionization detector (FID). The flow rate of the 
gas mixture in the photoreactor system was 375 mL x m in-1 . The 
initial concentration of the ethanol was 0.36 ±  0.018 mmol L-1 at 
relative humidity of ~70%. During the long- term photocatalytic 
test experiments of the A g-TiO 2 containing nanohybrid film the 
45 cm 2 layer was illuminated continuously with k = 405nm  LED 
light from a distance of 10 cm. At given time intervals the irradiated 
hybrid layer was put in the above described circulation reac­
tor and the photooxidation rate of ethanol vapor was measured. 
After the measurement the specific amount of photodegraded 
ethanol (A cEtOH/mM 60 min-1 g-1 /) was calculated. The surface 
pH of the A g-TiO 2 containing polymer based nanohybrid film was 
determined under UV-light illumination (GCL307T5VH/HO type 
low-pressure mercury lamp, LightTech, Hungary, P =35 W ). During 
the measurement the 5 x 5 cm2 nanohybrid film was immersed in 
40 mL of distilled water (initial pH 5.3 due to the dissolved CO2). 
The nanohybrid films were illuminated and shaken continuously 
during the experiment with a magnetic stirrer. The distance of the 
light source from the nanohybrid films was 10 cm. The pH electrode 
(Metrohm 6.0228.010) was placed into the distilled water nearest 
to the hybrid film and the actual pH values were measured as a 
function of illumination time.
2.3. Surface charge measurements
Surface charge values of the photocatalyst and the bacte­
rial suspensions were measured by means of a particle charge 
detector (PCD-04 Particle Charge Detector; Mutek Analytic GmbH, 
Germany) with manual titration. Under a titration process the sur­
face charge of the bacteria and photocatalysts will be compensated 
with opposite charged surfactants like: sodium dodecyl sulfate 
(SDS) and hexadecylpyridinium chloride (HDPCl) with concomitant 
streaming potential measurements. 10 mL of 0.1% TiO2 suspension 
was measured in the particle charge detector at pH 4.5, because 
the optimal pH of the three investigated bacteria is in the range 
of 4.2 < pH < 9 and TiO2 is positively charged below pH 6 (point 
of zero charge) [46]. Photocatalyst and bacterial suspensions were 
titrated with anionic 1% SDS and cationic 0.01% HDPCl solutions, 
respectively. In view of the amount of the added surfactant at 
the charge compensation point (streaming potential = 0 mV) the 
equimolar amount of surfactant was calculated and specified to the 
amount of photocatalyst (meq/100 g) or to the number of bacteria 
(|±eq/109 cfu). All experiments were repeated in three times.
2.4. Determination of the produced hydroxyl radicals on the 
nanohybrid films
The amount of reactive hydroxyl radicals was determined 
from the hydrogen peroxide induced luminol dependent chemi- 
luminescense reaction (Scheme 1.) The detailed measurements
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Scheme 1. The hydrogen peroxide induced iuminoi dependent chemiiuminescense reaction.
were described in our previous publication [45]. Briefly, 5 x 5 cm2 
nanohybrid films were immersed in 40 mL distilled water and illu­
minated with LED-lamp (X = 405 nm) under continuous shake. The 
distance of the light source from the nanohybrid films was 10 cm 
during the measurement. 100 |t L samples were taken after 2.5, 
5, 10, 20, 30, 60 and 120 min of illumination time and added to 
100 |t L of luminol solution (Cjuminoj = 33.8 mM) and the intensity of 
the chemiluminescense (CL) was measured im m ediatelyby the Sir­
ius L luminometer. Based on the previously determined calibration 
curve, the concentration of the formed hydroxyl radicals is directly 
proportional with the measured relative light unit (RLU) values as 
follows:
Relative light unit ( RR
Ch2° 2 =  41866 (1)
For quantitative characterization of the free radical concentra­
tion from the RLU data the calculated concentration of H2° 2 (mM) 
are displayed as the function of illumination tim e. Data were com ­
pared to the CL values of pure polymer films and to luminol with 
distilled water.
2.5. Preparation of bacterial suspensions
E. coli ATCC 29522, P. aeruginosa ATCC 27853 and methicillin 
resistant S. aureus ATCC 43300 (reference strains obtained from 
international reference culture collection) were used as the test 
strains for the microbiological measurements and microscopic 
examinations. Bacteria were grown on the surface of Brain Heart 
Infusion agar (BHI-agar, Oxoid supplemented with 5% cow blood). 
Cultures were incubated statically under aerobic conditions for 
24 hours at 37 °C. Isolated colonies were suspended in 5m L Brain 
Heart Infusion broth (BHI-broth, Oxoid, Hampshire, UK). Bacterial 
suspensions were prepared in physiological saline (cNaCl = 0.9 wt%) 
and the concentration of the bacterial suspensions were adjusted 
to 1 x 105 - 5  x 105 cfu/mL, which was calculated from the opti­
cal density (absorbance at 600 nm; OD6oo). The optical density 
was determined by using UVIKON 930 spectrophotometer (Kon- 
tron Instruments, Germany). Optical density data were supported 
with counting colony forming units in a serial dilution (to 10- 7 ) at 
the logarithmic phase with BZG 40Colony Counter (WTW GmbH, 
Germany).
2.6. Fluorescence microscopy and fluorometric measurements
For the fluorescence microscopy and fluorometric investiga­
tions P. aeruginosa, S. aureus and E. coli bacteria were used. All of 
the investigated bacteria were grown on nutrient agar (Mueller- 
Hinton) in logarithmic phase according to the user’s guide of the 
viability kit (LIVE/DEAD® BacLight™  Bacterial Viability kit L7007, 
Life Technologies, Hungary). After the process of the photocatal­
ysis experiment, surviving bacteria were washed out from the 
nanohybrid film with three milliliters of physiological saline. Dur­
ing the fluorometric studies and fluorescence microscopy 6 |t L 
of the dye mixture was added for each mL of bacterial suspen­
sion (1 x 105 -  5 x 105 cfu/mL) and incubated for 20 min in room 
temperature in dark conditions [47,48]. In the staining kit fluo­
rescence dyes are in a mixed, two component formulation. Syto
9 can penetrate to the bacterial cell wall and labels both the live 
and dead bacterial cells. Propidium iodide (PI) has no ability to 
penetrate the live bacterial cell wall, only when it is damaged 
resulting in the decrease in the SYTO 9 stain fluorescence, when 
both dyes are labeling bacteria. The adhesion of bacteria on photo­
catalyst particles was observed with light microscope (Leica DM 
IL LED Fluo). The viability of the cells was controlled with flu­
orescence microscopy equipped with L5 and N2.1 filter systems 
(Leica Microsystems, Germany) [48,49]. The bactericidal activity 
of the films was proved with fluorometric measurements, which 
were carried out with spectrofluorometer (Fluoromax 4, Horiba- 
Yvon-Joben). The reduction (R%) of bacteria after different time of 
illumination on the nanohybrid films was measured from the inten­
sity (I) of fluorescence emission at 500 -  510 nm in case of Syto 9 
and at 600 -  630 nm in case of PI. After several fluorometric inves­
tigations the wavelength of the excitations were optimized; Syto 9 
(16.7 mM) and propidium iodide (16.7 mM) dyes were excited by 
470 nm with the spectrofluorometer. The emission peaks were read 
at ~500 nm by Syto 9 and at ~620 nm by propidium iodide, respec­
tively. The antibacterial activity (R%) was calculated according to 
the Eq. (2) [49].
R% =  (1 -  Jq) x 100 (2)
10
10 is the fluorescence emission of the initial (untreated) bacterial 
suspension containing the above mentioned selective dyes (read at 
500-520 nm) and I is the fluorescence emission at the same w ave­
length after 120 min of illumination of LED-light source. Integrated 
intensities of the green (510-540 nm) and red (620-650 nm) emis­
sion were recorded, and the green/red fluorescence ratios (RatioG/R) 
were calculated according to the Eq. (3).
Fcell ,em1
RatioG/R =  F 1 (3)Fcell,em2
2.7. Preparation of the bacterial cell wall component for TEM 
microscopy
The structure of peptidoglycan (sacculus) of S. aureus (obtained 
from Sigm a-Aldrich, USA) and E. coli (prepared in our laboratory) 
was investigated during photocatalysis process under different 
time of illumination. E. coli DH5a was maintained and cultured 
in Luria-Bertani (LB) broth with vigorous shaking at 3 7 °C. Eighty 
milliliter of the cell culture was centrifuged for 20 min with 
2500 rpm at room temperature. The supernatant was removed, 
and the sediment was suspended in 10 mL distilled water and 10% 
SDS was added to give a final concentration of 4%. The suspen­
sion was poured into a plastic tube (50 mL), which was boiled 
in a glass beaker for 4 h, keeping the water level on 250 mL and 
after was cooled and incubated for overnight at room tempera­
ture continuing the stirring. Seventy milliliter of the suspension 
was centrifuged at 14000 rpm for one hour, the supernatant was 
removed. The resulting suspension was dialyzed against 10 mM 
Tris/HCl (pH 7.2) [10]. The prepared samples were examined in 
different dilutions (100x; 1000x; 10000x) [50]. At the initial 
point of the investigations 0.1 mL of peptidoglycan suspension
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(25 mg mL-1 ) was added in a microtiter plate to 0.1 mL suspension 
of silver functionalized TiO2 (0 .5m gm L-1 ) photocatalyst. During 
the experiment the photocatalyst/peptidoglycan mixture was illu­
minated with LED-light source (k = 405nm ) for different times 
(60 and 120 min). Peptidoglycan suspension without photocatalyst 
particles was investigated for reference. Samples were loaded on 
one-hole grids with immersion method. The effect of silver func­
tionalized TiO2 to the peptidoglycan structure was observed on 
peptidoglycan layer of the cell wall o f S. aureus and E. coli with 
Philips CM10 electron microscope (magnification: 13500x).
2.8. Antibacterial measurements
The antibacterial tests were carried out according to modified 
EN ISO 27447:2009 standard. For the evaluation of the surviving 
bacteria the washing technique was used, because the counting 
of the survival bacteria is more accurate with this method [45]. 
Before the microbiological measurements nanohybrid films on 
glass samples were activated by UV-irradiation for an hour (light 
source: LightTech GCL307T5L/Cell lamp k = 250nm) to increase 
the concentration of the photocatalyst particles in the surface 
region of the nanohybrid films [45]. 1 x 1 0 5 -  5 x 1 0 5 cfu/mL bac­
terial suspensions were spread uniformly (0.1 mL) on the surface 
of the nanohybrid films (2.5 x 2.5 cm 2) and covered with the 
top of Petri dish during the experiment, to avoid water vapor 
evaporation which can modify results [45]. During the microbio­
logical measurements the glass samples with the nanohybrid films 
were illuminated with visible-light (light source: LED lamp 7W; 
k = 405 nm), exposure times were 0,30, 60, 90 and 120 min. During 
the experiments the distance of the light source from the nanohy­
brid films was 35 cm [51]. The light intensity of the LED-light 
source on the surface of the nanohybrid films was measured with 
a power meter (Thorlabs GmbH, Germany). After different illum i­
nation periods the inoculated nanohybrid films were placed into a 
new sterile Petri-dish by sterile tweezers and the inoculums were 
washed out from the activated nanohybrid films with 3 mL ster­
ile physiological saline water to regain all surviving bacteria from 
the uneven surface of the samples [51]. Bacterial suspensions with 
survival bacteria were streaked (0.1 mL) uniformly on the Mueller- 
Hinton (Oxoid, Hampshire, UK) media. After the incubation time 
(37°C; 2 4 h) the antibacterial activity was evaluated by counting 
colony forming units (cfu/mL) with BZG40Colony Counter (WTW 
GmbH, Germany). The number of colony forming units were con­
verted to the cell number of the survival bacteria per milliliter of 
the original inoculums on the nanohybrid films. The antibacterial 
efficiency was calculated from the Eq. (4):
R% (N -N o )No x 100 (4)
where R% is the percent of inactivation of live bacteria, N0 is the 
initial concentration of live bacteria and N  is the concentration of 
bacteria after different illumination times on nanohybrid films.
2.9. Statistical analysis
All values are expressed as means ± S .D . Standard deviations 
were calculated from three parallel antibacterial experiments. Sig­
nificant differences between groups were compared and calculated 
with One-way ANOVA Tukey Post-hoc test. Differences between 
groups were considered significant at p <0.05 [52].
Fig. 1. Diffuse reflectance spectra of TiO2 and Ag-TiO2 photocatalyst thin films 
(1 ±0.1 mgcm-2) and the emission spectra of the LED-light source (k = 405nm) 
(inset).
3. Results
3.1. Characterization of the nanohybrid films with TiO2 and 
Ag-TiO2 photocatalyst content
TiO2 and A g-TiO 2 were successfully immobilized in p(EA- 
co-MMA) polymer layer and prepared on glass holders for 
antibacterial, toxicity and fluorometric tests. The synthesized 
nanohybrid films are mechanically stable and showed enhanced 
short-time antibacterial effect. Diffuse reflectance spectra verifies 
the presence of Ag NPs on the TiO2 particles. Due to the surface 
modification with Ag NPs, the U V-vis spectrum of the originally 
white P25 TiO2 was changed: the A g-TiO 2 showed a broad vis­
ible absorption band at k max = 500nm  which is unambiguously 
attributed to the plasmonic absorption of Ag NPs (Fig. 1.). In the 
noble m etal-sem iconductor composite photocatalysts, the noble 
metal NPs act as a major component for harvesting visible light due 
to their surface plasmon resonance while the m etal-sem iconductor 
interface efficiently separates the photogenerated electrons and 
holes. The photocatalytic efficiency of the reactive TiO2 and 
A g-TiO 2 photocatalyst thin layers were evidenced by photooxi­
dation measurements and compared to the photocatalytic effect 
of A g-TiO 2 in polymer matrix (Fig. 2.). Before the photocatalytic 
and microbiological measurements the nanohybrid films were 
activated by UV-irradiation for an hour (light source: LightTech 
GCL307T5L/Cell lamp k = 250 nm) to increase the concentration of 
the photocatalyst particles in the surface region of the hybrid films 
[45]. In our previous work the wetting properties of the polymer 
based hybrid photocatalyst layers were investigated by contact 
angle measurements in order to prove this photocatalyst surface 
accumulation [44]. W e found that the initial contact angle values 
were 27 and 14° in the case ofTiO 2 an dA g-T iO 2 containing hybrid 
layers, respectively. During the one hour UV- irradiation the m ea­
sured contact angle values were rapidly decreased to 2° (TiO2 ) and 
0.5° (Ag-TiO2 ). The reason for this is that the polymer matrix was 
photodegraded during the irradiation, so the hydrophilic photo­
catalyst particles become free from upper polymer layer resulting 
lower contact angle values (so-called light razor effect) [44]. Fig. 2 
clearly represents that the 45 cm 2 A g-TiO 2 thin film can degrade 
more ethanol (~95% of the initial 0.36 mM) after 60 min LED-light
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Fig. 2. Photooxidation of the ethanol on different nanohybrid films (pure TiO2 , 
Ag-TiO2 and Ag-TiO2/polymer coated surfaces) in photoreactor at different illu­
mination time using LED-light source (k = 405 nm; t =60 min).
(Amax = 405 nm) illumination time than the pure TiO2 (~80% of the 
initial ethanol concentration). This is due to the enhanced visible 
light activity of the noble metal functionalized A g-TiO 2 photocata­
lyst. Incorporation of the photocatalysts particles into the polymer 
matrix resulted in a drastic decrease (48% of the initial 0.36 mM 
ethanol) in the photocatalytic reaction rates, compared to pure 
A g-TiO 2 (~95% of the initial ethanol concentration), since the poly­
mer partially covered the photocatalyst particles and interfered 
with the photocatalytic degradation of model pollutant (Fig. 2). 
It can be concluded that the application of polymer matrix was 
reduced the photocatalytic activity of the embedded A g-TiO 2 par­
ticles, however, according to our previous results, the prepared 
polymer films showed very good mechanical stability [44]. A ccord­
ing to the previously presented adhesive tape test the polymer 
firmly bound the catalyst NPs; thus, minor amount of particles 
could be removed by the tape from the surface.
Our next question was how the above mentioned polymer 
partially photodegradation affects the long-term photocatalytic 
activity of the nanohybrid layers. Fig. S1 shows the long-term 
photocatalytic activity of polymer based photocatalyst thin layer 
containing immobilized A g-TiO 2 photocatalyst particles. At the 
beginning of the 405 nm LED light illumination the measured val­
ues are increased compared to the initial value (A c EtOH = 0.022 mM 
60 m in-1 g-1 ) of the film. This is due to the polymer pho­
todegradation and the increasing number of surface photocatalyst 
particles. This is also confirmed by AFM measurements in our 
previous paper [44]. After 192 h (8 days) LED light illumina­
tion the measured photocatalytic values were shown a local 
m aximum (A c EtOH = 0.0283 mM 60 m in-1 g-1 ) and next decreased 
continuously during the long term illumination time. After 
seventeen thousand hour (that means almost two years contin­
uous LED light illumination) the measured photocatalytic value 
(A cEtOH = 0.0092 mM 60 m in-1 g-1 ) was about half of the initial 
value. So, according to the results, it can be concluded, that in spite 
of the polymer matrix partially photodegradation, the nanohybrid 
photocatalyst films preserve their photoreactivity.
Fig. 3. Characterization of the formation of free radicals on different surfaces via 
RLU chemiluminescense intensity measurements. Representation of the equivalent 
H2O2 concentration as a function of illumination time (0-120 min) using LED-light 
source (A = 405nm). The inset shows the results for a long-time period (only for 
Ag-TiO2/polymer nanohybrid film).
3.2. Determination the amount of reactive hydroxyl radicals
During the process of photocatalysis under appropriate (excit­
ing) wavelength reactive hydroxyl radicals (OH*) are produced, 
which are primarily responsible in inactivating bacteria [47]. 
Hydroxyl radical is the most reactive oxygen species and cause 
irreversible DNA degradation in bacteria [47]. The amount of OH' 
produced on the nanohybrid films under photocatalysis was calcu­
lated from the reaction of H2O2 and luminol. The detailed method 
of the measurement was presented in a previous publication [45]. 
The lifetime of the free radicals can be measured in fem to- or 
picoseconds [53]. The degradation of hydrogen peroxide (which 
is produced from OH*) is slow in room temperature; therefore, it 
can be measured with a luminometer [54]. For quantitative char­
acterization of the free radical concentration from the RLU data, 
the calculated equivalent concentration of H2O2 (mM) is displayed 
as the function of illumination time with a LED light source. CL 
intensity was converted in equivalent H2O2 concentration after a 
calibration process using 0 .1-5 .0m M  H2O2 solutions. The deter­
mined calibration curve (Fig. S2) presents that the adjusted H2O2 
concentration is proportional to the measured RLU intensity values. 
Results showed that after 30 min illumination there is an increase 
of producing radicals even on TiO2/polymer and A g-TiO 2/polymer 
nanohybrid films compared to the control (the polyacrylate thin 
layer without photocatalyst) measurements (Fig. 3). In accordance 
to the previously presented photocatalytic test results, the amount 
of the produced OH* is higher on the surface of Ag-TiO 2/polymer 
nanohybrid film (0.33 mM H2O2 equivalent), than in the presence 
ofTiO2/polym er(0.24m M H2O2 equivalent) after 20 m inundervis- 
ible light illumination. After 120 min of illumination the increase of 
the amount of OH* is slowing on TiO2/polymer nanohybrid film, a 
saturation curve can be seen on the pattern (~0.4 mM H2O2 equiva­
lent after 120 min). On the surface of A g-TiO 2/polymer nanohybrid 
film the increase of OH* radical concentration is slowing only after 
48 h and continues in a saturation curve of the produce (Fig. 3 
inset). This slowly increasing and saturated radical production is 
due to the previously reported partially photodegradation of poly­
mer binder material. In our previous work it was demonstrated that 
the photoaging significantly improved the photocatalytic activity 
of the photocatalyst containing nanohybrid films. It was presented 
that the longer time the treatment lasted, the better photocatalytic 
efficiencies were attained for the hybrid films [44]. Due to this 
phenomenon the concentration of the photocatalyst particles on
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Fig. 4. The measured surface pH values of the Ag-TiO2/polymer thin hybrid layer 
as a function of irradiation time.
the surface region is increased, so bacterial cells can directly con­
nect to them [45]. This observation is in good agreement with the 
presented H2O2 equivalent concentration values.
3.3. Surface charge and pH measurements
Before the surface charge measurements the relevant pH of 
the polyacrylate based hybrid layer containing A g-TiO 2 NPs was 
determined. The pH has determinant role because the surface 
charge of the TiO2 depends on the environmental pH [46]. A ccord­
ing to the different publications, TiO2 is positively charged below 
pH 6 (point of zero charge) [55]. Fig. 4 shows the measured pH 
values as a function of UV-irradiation tim e. At t = 0m in the ini­
tial pH was 5.27 and during the UV-illumination it was found 
that the pH values were continuously decreased. After 180 min, 
the measured pH reached the pH 4.8 according to the forma­
tion of reactive radicals. Based on the above mentioned results, 
the relevant pH of the photocatalyst containing hybrid layer was 
slightly acidic, so the charge titration measurements were carried 
out at pH 4.5. Surface charge of the photocatalysts and bacte­
ria was calculated from the streaming potential data in each 
case. Fig. 5A shows the measured streaming potential of 10 mL 
1% TiO2 suspensions titrated with 1% SDS solution at pH 4.5. 
The streaming potential induced in the TiO2 aqueous suspension 
was positive at this pH, then it continuously decreased due to 
progressive deprotonation ofTiOH2+ surface sites and the concom i­
tant loss of surface charge. Considering the added amount of the 
charge compensating surfactant molecules (nSDS = 0.0123 mmol) 
and the mass of the measured TiO2 (mTiO2 = 0.1 g), the specific sur­
face charge of TiO2 NPs was +12.3 meq/100g at pH 4.5 [specific 
charge = cSDS x VSDS/mTiO2]. Similar to pure TiO2 the A g-TiO 2 was 
also titrated and +0.38 meq/100 g value was obtained. Fig. 5B repre­
sents the measured streaming potential of 10 mL 1.09 x 107 cfu/mL 
E. coli bacteria suspensions titrated with 0.01% HDPCl solution at 
the same pH. In this case the charge titration curve shows oppo­
site effect: the initial bacterial suspension has negative streaming 
potential and it continuously decreases due to the increasing 
amount of positively charged surfactant molecules. The determined 
specified charge of E. coli bacteria was -1 .3 3  |req/109 cfu, while 
-3 .1 9  |req/109 cfu and -0 .8 9  |req/109 cfu values were determined 
for P. aeruginosa and MRSA, respectively. The measured negative 
charge corresponds to the presence of teichoic acid groups embed­
ded in bacterial peptidoglycan cell wall component in case of 
GR+ bacteria. For G R -  bacteria the presence of the polysaccharide 
chains embedded in peptidoglycan cell wall component cause the 
negative charge [42,43]. In view of the specific surface charge val­
ues, 10 mL 1.09 x 10 cfu/mL E. coli bacteria suspension was titrated 
with 1% TiO2 suspension which is presented in Fig. 5C. According 
to the titration curve, 109 cfu E. coli bacteria can be bonded by 
adhesion of 1.88 g TiO2 particles. Table 1 summarizes the deter­
mined surface charge values of the applied photocatalyst (TiO2 
and A g-TiO 2) and the studied bacteria as well. The results clearly 
shows that, the G R - bacteria (E. coli and P. aeruginosa) showed 
higher surface charge values than the GR+ (S. aureus) bacteria. It 
was established that, P. aeruginosa has the highest surface charge
Volume of liO , added (ml)450 Volume of HDPCl added (ml)
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Fig. 5. Determination of the specific surface charge values forTiÜ2 (A), for E. coli bacteria (B) and the amount of the adhered TiÜ2 on the surface of E. coli at the electrostatic 
charge compensation point (C). In all cases the pH was 4.5 and the standard error is 2.0%.
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Table 1
The calculated surface charge values of the applied photocatalysts and the studied bacteria.
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Photocatalysts or bacteria Concentration Measured surface 
charge (at c.e.p.)a
Calculated surface 
chargeb
(coulomb/109 cfu)
Electrostatically 
adhered TiO2 
(g/109 cfu)
TiO2 1% +12.3 meq/100g
Ag-TiO2 1% +0.38 meq/100g
E. coli (GR-) 1.06 x 107 cfu/mL -1.33 |xeq/109 cfu 0.129 1.88
P. aeruginosa (GR-) 1.32 x 107 cfu/mL -3.19 |xeq/109 cfu 0.308 2.55
MRSA (GR+) 1.09 x 107 cfu/mL -0.89 |xeq/109 cfu 0.086 0.61
a Specified surface charge (c.e.p.) = csurfattant x Vsurfactant/miiO2orbacteria.
b Calculated surface charge (coulomb/109 cfu) = (naddedsurfactant x Faraday constant)/number of bacteria.
(-3 .19  |aeq/109 cfu) and it adhered the highest amount of TiO2 
(2.55 g TiO2/109 cfu). According to the results, it can be also con­
cluded that between the negatively charged bacteria and positively 
charged photocatalyst particles electrostatic interactions also exist 
at the relevant pH value (~4.5).
3.4. Studies of the cell wall stability by fluorescence microscopy 
and fluorometric measurements
These emerging electrostatic interactions between the A g-TiO 2 
particles and the investigated bacteria were also confirmed by 
microscopic observations. Bacterial suspensions of E. coli were 
stained with LIVE/DEAD® BacLight™  staining kit. The samples were 
investigated at the initial point of the experiment (left images) and 
after 120 min (right images) of illumination with LED-light source 
as well. It was found that for E. coli at the initial point the live 
bacteria are strongly attached to the spherical A g-TiO 2 aggregates 
and green emission (Fig. S3.A, left) was observed. After 120 min 
no green emission was detected (Fig. S3.A, right). In contrast, after 
120 min of LED light illumination only the bacteria with damaged 
membrane (Fig. S3. B, right) can be seen on the surface of the pho­
tocatalyst particles and red emission was detected. In this case at 
0m in (Fig. S3.B, left) this red emission is not seen. In the case of 
MRSA, P. aeruginosa and E. coli the fluorescence ratios of the live 
and the dead bacteria were calculated from the emission values 
at the above mentioned points (Fig. 6A ). The emission changes of 
the live/dead bacteria were also confirmed by fluorometric mea­
surements. Namely, the emission peaks were shown at ~500nm 
by Syto 9 (live bacteria) and at ~620 nm by propidium iodide (dead 
bacteria), respectively. On Fig. 6B it can be seen, that only the flu­
orescence intensity of Syto 9 decreases measurable, because of the 
FRET-mechanism by propidium iodide [56,57].
3.5. Degradation effect of silver functionalized TiO2 on bacterial 
peptidoglycan layer
The structure-degradation effect of A g-TiO 2 photocatalysts was 
observed on the major component of the E. coli (Fig. 7) and MRSA 
(Fig. 8) cell wall after 0, 60 and 120 min of illumination with 
LED-light source. Peptidoglycan (also called murein) is a typical 
component of the bacterial cell wall, which is responsible for the 
rigidity of the bacterial cell wall, located outside of the cytoplasmic 
membrane. The cell wall of the GR+ bacteria (MRSA) is thick and the 
peptidoglycan layer constitutes almost 95% of the cell wall, instead 
of the cell wall o f G R - bacteria (E. coli) with 5-10% of the pepti­
doglycan content [58,59]. A significant degradation can be seen on 
the surface of the sacculi after 60 min of illumination (Figs. 7 E and 
8 E). After 120 min sacculi were totally degraded, the formation of 
peptidoglycan cross links are totally inhibited because of the pres­
ence of free radicals which were produced during the process of 
the photocatalysis (Figs. 7 F and 8 F). W hen sacculi without photo­
catalysts were observed there was no degradation in sacculi even 
after 120 min of illumination with LED-light source (Figs. 7 B and C;
8 B and C). According to this experimental results, the determinant 
effect of the A g-TiO 2 photocatalyst has been proven on the pepti­
doglycan layer under visible light illumination in case of GR+ and 
G R - bacteria.
3.6. Photocatalytic effect of the hybrid layers on reproduction of 
bacteria
The antibacterial effect of the synthesized A g-TiO 2 in p(EA- 
co-MMA) layer was presented by testing against three pathogen 
bacteria as well. Namely, E. coli, P. aeruginosa and S. aureus 
were examined according to the modified national standard ISO 
27447:2009. The scheme of the antibacterial tests have already 
been presented in our previous publication [45]. During the tests 
on the nanohybrid films 0.4 m W  cm - 2 light intensity was applied, 
which is not antibacterial itself, according to the ISO 27447:2009 
standard.1 During the measurements the antibacterial efficiency 
(R%) was determined as a function of illumination time. From sta­
tistical data (Figs. 9-11 ) it is clearly seen that there was statistically 
significant difference (P<0.05) between the antibacterial effect 
on A g-TiO 2 /polymer nanohybrid films compared to the absolute 
(glass plate) and relative (polymer binder without photocatalyst) 
controls after 60 min of visible light illumination (Figs. 9, 10 and 
11). In accordance with the experimental results substantially 
stronger bactericidal effect was obtained on TiO2/polymer and on 
A g-TiO 2 /polymer films under LED illumination in contrast to the 
dark controls for MRSA and E. coli (Figs. 9 and 11). This observation 
clearly support that the visible-light photocatalysis play a lead­
ing role in the inactivation of bacteria instead of the disinfectant 
property of silver (Figs. 9 and 11). There was no significant differ­
ence between the experiments in the dark and experiments under 
LED-light illumination when only polymer and blank films were 
used (Figs. 9 -1 1 ). Based on this experiment it can be concluded, 
that the LED-lamp emitting at 405 nm has no effect on the bacte­
rial growth under the applied 0.4 m W  cm - 2 light intensity. In case 
of P. aeruginosa no significant difference between experiments in 
the dark and under illumination was obtained (Fig. 10), because 
P. aeruginosa has an increased sensitivity against silver [60]. In 
order to confirm this assumption a silver ion release test have 
been performed in our previous publication by using potentiomet- 
ric measurements [45]. W e found that the silver ion concentration 
released from p(EA-co-MMA) based A g-TiO 2 composite film was 
~0.14 ppm after 1 week of immersion. This value is under the level 
of inhibitory effect of silver to bacteria [61,62]. The S. aureus was 
the most sensitive bacteria on TiO2/polymer nanohybrid film after 
60 min of illumination tim e. Moreover, the highest antibacterial 
activity against all o f the investigated bacteria was established on 
A g-TiO 2 /polymer nanohybrid films using 90 min of illumination 
with LED light.
1 Antibacterial forUVA only>0.5mW cm-2.
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Fig. 6. Fluorescence ratio of the live/dead bacteria calculated from emission values at the initial point and after 120 min of illumination for MRSA, P. aeruginosa and E. coli 
(A); Fluorometric measurements of stained bacteria with Baclight© viability at the initial point and after 120 min of illumination in case of E. coli (B) (Propidium-iodide:
lex = 470 nm; lem =610-650 nm; Syto9: lex = 470 nm lem = 495-530nm).
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Fig. 7. Representative TEM images of the sacculi of E. coli; before reaction (A), after 60 min (B) and 120 min (C) of only visible light photocatalysis under illumination with 
LED-light source (X = 405 nm) as control measurements and after 0 (D), 60 (E) and 120 min (F) on Ag-TiO2 photocatalyst under the same conditions.
4. Discussion
This work demonstrate the photoreactive and antibacterial 
effects of nanohybrid films in four relevant steps. The first step high­
lights the adhesion properties of the negatively charged GR+ and 
G R - bacteria on the surface of the positively charged photocata­
lysts covered nanohybrid thin films. The second step demonstrates 
the degradation of the outer membrane of the studied bacteria via 
photocatalysis as a function of time through fluorescence stain­
ing method with LIVE/DEAD® BacLight™  staining kit. Third step 
place emphasis on the degradation of peptidoglycan as a dom i­
nant component of cell wall, which is mainly responsible of the 
rigidity of the cell wall in the basis of TEM observations. In the 
last step the inhibition of reproduction of three pathogen bacte­
ria was presented via the measurements according to modified ISO 
27447:2009 standard. Because of the presence of carboxyl groups 
in the cell wall o f the G R - bacterial cell, higher surface charge 
density was obtained than in the case of GR+ MRSA. It was also
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Fig. 8. Representative TEM images of the sacculi of S. aureus; before reaction (A) and after 60 min (B) and 120 min (C) of only visible light photocatalysis under illumination 
with LED-light source (X = 405 nm) as control measurements and after 0 (D), 60 (E) and 120 min (F)) on Ag-TiO2 photocatalyst under the same conditions.
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Fig. 10. The antibacterial efficiency of Ag-TiO2/polymer films measured by modified ISO 27447:2009 standard for P. aeruginosa under LED-light illumination (A); and in the 
dark (B) with statistical analysis: *p <0.05 vs. blank.
found that the P. aeruginosa contains the most surface charge result­
ing in 2.55 g to 109 cfu electrostatically adhered TiO2. Based on 
our experiments MRSA contains less surface charge groups on the 
surface (-0 .89  |req/109 cfu) than G R - bacteria (-1 .33  |req/109 cfu; 
-3 .1 9  |req/109 cfu) which corresponds to our surface charge exper­
iment against TiO2 NPs (only 0.61 g/109 cfu). The measured surface 
charge value of A g-TiO 2 photocatalyst was lower (+0.38 meq/100 g) 
than the initial P25 TiO2 (+12.3 meq/100 g) at pH 4.5 indicating the
presence of Ag NPs on the surface of TiO2. The most photocatalyst­
sensitive bacteria was MRSA, despite the lowest adhesion power 
to surface of the photocatalyst. The results of antibacterial tests 
can be explained with the structure of the bacterial cell wall. The 
outer part of cell wall o f GR+ MRSA consists only peptidoglycan, 
so it is much more vulnerable to external influences, as TEM pic­
tures presents (Figs. 7 and 8). According to the above mentioned 
structural information it was established that 61.35% of MRSA was
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Fig. 11. The antibacterial efficiency of Ag-TiO2/polymer films measured by modified ISO 27447:2009 standard for E. coll under LED-light illumination (A); and in the dark 
(B) with statistical analysis: *p < 0.05 vs. blank.
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Fig. 9. The antibacterial efficiency of Ag-TiO2/polymer films measured by modified ISO 27447:2009 standard for S. aureus under LED-light illumination (A); and in the dark 
(B) with statistical analysis: *p < 0.05 vs. blank.
inactivated on TiO2/polymer film after 90 min illumination while 
these values for G R -  P. areuginosa and E. coli are R% = 45.54% and 
R% = 15.68%, respectively. Moreover, the antibacterial results are 
in good agreement with the adhesion measurements. Namely, the 
adhesion between P. aeruginosa and TiO2 NPs was stronger as well 
as the antibacterial effect after 90 min photocatalysis. It proves, that 
the difference in antibacterial efficiency of photocatalysts is given 
with the structure of the cell wall and with the strength of bac­
terial adhesion power. Our optimized photoreactive nanohybrid 
film (0.6 mg cm- 2 A g-TiO 2 immobilized with 0.4 mg cm- 2 pEA-co­
M M A polymer) is mechanically stable, environmentally friendly 
and it can be activated with visible light emitting, non-harmful and 
power-saving LED-light sources. The developed nanohybrid films 
have antibacterial properties (5 log reduction of cfu in 2 h) even 
against antibiotic resistant bacteria (MRSA) with the ability to cause 
dangerous nosocomial infections. Our developed surfaces can be
used in health care facilities, especially in surgery rooms as a pow­
erful prevention against nosocomial bacteria. This application can 
be tested in the future on different layers (metal, special plastics, 
wood and wall coatings) against different multiresistant bacteria 
with the above-mentioned and optimized method. In this way an 
effective sterilizing system and prevention strategy can be devel­
oped against multiresistant human pathogen microorganisms on 
different surfaces.
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